Abstract. Quasicrystals and ordinary crystals both possess long-range translational order. But quasicrystals are aperiodic since their symmetry is non-crystallographic. The aim of this project is to study the behavior of shock waves in periodic and aperiodic structures and to compare the results. The expectation is that new types of defects are generated in the aperiodic materials. The materials studied are two models of (AlCu)Li quasicrystals and the C15 Laves phase, a low-order approximant of the quasicrystals. An elastic wave is found in the simulations up to a piston velocity of about u p < 0.25 c l . Between 0.5 < u p /c l < 0.5 the slope of elastic wave velocity slows down, and a new plastic wave is observed. Extended defect are generated, but no simple two-dimensional walls. The defect bands have finite width and a disordered structure. If the crystal is quenched a polycrystalline phase is obtained. For the quasicrystal the transformation is more complex since ring processes occur in the elastic regime already. Starting at about u p < 0.5 c l a single plastic shock wave is observed. In this range all structures are destroyed completely.
INTRODUCTION
Shock wave experiments and simulations are nice methods to expose a solid to strong uniaxial stress and to introduce defects without explicitly constructing them. By simulations, shock waves have been studied in monatomic crystals to some depth 1 . The shock stress is relaxed to a energetically more favorable hydrodynamically compressed state by slippage or phase transformations. Often stacking faults are created which permit a simple detection of slippage. For a crystal it is rather easy to construct slip planes and stacking faults and to analyze them. This is not the case for quasicrystals. If geometric constructions are used, complicated and rather arbitrary procedures have to be carried out to generated for example dislocations and associated extended defects. These problems may be avoided if shock waves are studied: Now the structure itself selects the defect planes and the Burgers vectors.
The first goal is to find out whether quasicrystals behave different than other materials if they are penetrated by shock waves. Many metals and alloys and also the fcc model crystals along the < 100 > direction 1 show a rather universal behavior with respect to the shock front velocity. This behavior is also valid for quasicrystals and binary crystals in the case of strong shock waves. For weak shock waves a deviation from the universal behavior is observed due to elastic precursor effects, and differences between the crystal and the quasicrystal are showing up. A similar behavior has been found recently for fcc crystals 1 along the < 110 > and the < 111 > directions.
The second goal is to find out if new kinds of defects occur in the quasicrystal. By definition, a real shock wave in a crystal (as opposed to a very strong elastic wave) causes permanent plastic deformation. Usually stacking faults are found caused by slippage or twinning and martensitic deformations. In a quasicrystal these defects can occur also, but additional types of defects are possible: flips where atoms change to alternative sites, phason walls where the aperiodic sequence of lattice planes doesn't fit after slippage, or transformations to crystals and approximants. It turns out that the types of defects in the quasicrystal are indeed different from those of the monatomic crystal, but similar to those in the binary crystal.
The relation between the shock wave velocity u s and the piston velocity u p has been studied in detail for shock waves along all major symmetry directions. The transition from elastic to plastic behavior will also be described for the 4-fold crystalline and the 2-fold icosahedral direction. Further results have been published already elsewhere 2 .
GENERATION OF THE SHOCK WAVES AND SIMULATION SETUP
Shock waves have been generated in threedimensional quasicrystals of the closed-packed Frank-Kasper-type which is realized in the Al-CuLi icosahedral quasicrystals. The structure can be regarded as a quasiperiodic arrangement of oblate and prolate rhombohedra decorated with small A atoms at the corners and edge centers 3 . The large B atoms divide the diagonal of the prolate rhombohedron in the fraction τ :1:τ , with τ the golden mean (1+ √ 5)/2. This model will be called the TI model. To adjust the stoichiometry some cells have to be replaced by rhombic dodecahedra which is find with eight B atoms. This leads to the BI model 4 . For comparison, simulations of a related cubic crystalline model, the C15 Laves phase of MgCu 2 , have also been carried out. The crystal phase can be regarded as a low-order approximant of the quasicrystal build of the prolate rhombohedra only. The three structures have a rather similar composition: The crystal has the structure formula A 2 B, the composition of the TI quasicrystal is A 0.764 B 0.236 , and of the BI quasicrystal it is A 0.629 B 0.371 . The interactions were modeled by Lennard-Jones potentials. The radii of the potential minima have been adjusted to the shortest AA, AB and BB distances. The depth of the potentials between atoms of the same type is −ǫ and −2ǫ between atoms of different types. Compared to an average level the atoms carry a partial charge: same atoms repel and different atoms attract each other. The binding energy is 11.478ǫ for the TI quasicrystal, 12.478ǫ for the BI quasicrystal and 12.974ǫ for the crystal.
There are a number of well established methods to generate shock waves in simulations 5 . In the present work the sample has been cut into two halves. During simulation the two parts are moved against each other at constant velocities ±u p . Two shock waves are created at the center of the sample and move through the sample at velocities ±(u s − u p ).
The simulations have been carried out with the IMD molecular dynamics simulation program 6 . The samples contained about 1,000,000 atoms. The geometry was a long rod of size 61×61×260 in units of the minimal atomic distance. The boundaries were open along the shock wave propagation direction and periodic along the two transverse directions. After the samples have been generated they are equilibrated for a time interval of t = 10a m/ǫ (a is the smallest interatomic distance and m the mass of the atoms) at kT = 0.001ǫ and pressure P = 0.01ǫ/a 3 . For analysis the samples are quenched to T = 0.0 after the shock wave has passed through the sample.
RESULTS
Quasicrystals should behave elastically isotropic whereas the Laves crystal should be anisotropic. To confirm this we have derived the elastic constants for a number of directions by quasi-static uniaxial deformation of the samples. The (quasi)-longitudinal velocity of sound is then given by c l = C/ρ where C is the elastic constant and ρ is the density. For the Laves crystal a strong anisotropy is found: c l<100> = 14.29 ǫ/m, c l<111> = 12.81 ǫ/m, c l<110> = 13.20 ǫ/m, but the relation 4c l<110> −3c l<111> = c l<100> , valid for cubic crystals, is fulfilled. For the TI quasicrystal the values are c l2 = 12.22 ǫ/m, c l3 = 12.29 ǫ/m, c l5 = 12.21 ǫ/m, and for the BI quasicrystal they are c l2 = 9.88 ǫ/m, c l3 = 10.00 ǫ/m, c l5 = 9.95 ǫ/m. If all directions are taken into account an anisotropy of about 2% is found for the Laves crystal of about 2% and of 0.2% for the TI quasicrystal. The anisotropy for the BI quasicrystal is 0.8%. The explanation for the larger value is that the quality of the BI samples is worse. In the elastic shock wave regime the relation u s = au p + b holds between the velocity of the shock wave u s and the piston velocity u p . The constants b derived in this way are close to the velocities of sound obtained from the quasistatic computations for all directions that have been studied in the simulations. TI QC plast 2fold Laves crystal plast 4fold FIGURE 1. Shock vs. piston velocity. At low piston speed elastic behavior is observed. Between up/c l = 0.3 and 0.6 a crossover to the plastic shock wave and finally the change of the slope to a materials-independent value is found. Fig. 1 displays the results of the Hugoniot plot for Laves crystal and the quasicrystals. At low piston velocities non-steady shock waves and a materials-dependent gradient is observed. The slopes are 3.1 for the crystal and about 2.6 for the quasicrystals. The values are independent of the starting temperature of the sample. Between 0.3 and 0.6 u p /c l the crossover to plastic behavior takes place. At higher piston velocities a materials-independent plastic behavior and steady shock waves are found. The u s vs. u p curve obtained in the simulations does not depend on the sample cross-section and on the length of the rod as long as the shock wave has not penetrated the whole sample during simulation time. In the crystal the crossover from elastic to plastic behavior occurs at shock wave intensities higher than in the quasicrystal. The reason is that the local environment of an atom is on average more symmetrical in the crystal than in the quasicrystal. Fig . 2 shows the Hugoniot plot for other propagation directions. The curves of the TIquasicrystals along six different directions are all identical within the error bars (not shown). For the crystal, the curves for three symmetry directions, including the 3-fold and 2-fold direction, are also more or less identical whereas a significant deviation exists for shock waves along the 4-fold direction.
Description of the Defect Structures
The crystal structure remains perfect up to u p /c l ≈ 0.37. Within a short interval of about u p /c l = 0.1 the behavior changes strongly. Extended defects occur which separate perfect crystalline domains. The defects start to fill up the bulk with increasing strength of the shock wave. Beyond u p /c l ≈ 0.57 the structure is destroyed completely by the shock wave.
The quasicrystals stay intact up to a piston velocity of about u p /c l = 0.25. In the TI model ring processes are observed obviously excited resonantly by the shock wave. With increasing shock strength the rings break up and the atoms start to move randomly, finally leading to defect structures as observed in the crystal. In the BI model the ring processes are removed completely. Only single atom flips are allowed: the displacement of the atoms at the shock front is large enough that they can jump to alternate sites where they remain after the shock wave has passed. Between u p /c l = 0.25 and 0.5 extended defects can be observed in both models. Due to the point defects the transition from the elastic to the plastic regime is much smoother in the quasicrystals than in the crystal. At shock waves stronger than u p /c l = 0.5 the quasicrystals become amorphous. In Fig. 3 the atomic displacement field illustrates the structure of the extended defects. Bands are visible with a width of up to 10 interatomic distances a and a separation of the order of 35 a. The bands are shear grain boundaries which separate different crystallites. It could be speculated that the bands are melted, but this cannot be confirmed from local temperature maps. Within the crystallites rotaion axis are observed with an oriention parallel to the face diagonals of the simulation box. Thus crystallites are deformed and rotated w.r.t. their initial orientation. The rotations disappear if the samples are quenched after simulation and a polycrystal with rather polyhedral domains is obtained.
The defect structures and effects in the quasicrystals are similar. The major difference is that they are not polyhedral but rounded and smaller. The main reason may be that the quasicrystals contain large Bergman clusters which are not present in the crystal.
DISCUSSION
The behavior of the crystal and the quasicrystal models in shock wave simulations presented here is rather similar to the behavior of ionic materials: slippage is hindered by the creation of high-energy antiphase boundaries. Dislocation are slow, rare and much enery is needed to generate them. The single-crystal ionic materials react by breaking into many crystallites. In the models presented here it is not possible to exchange A and B atoms at random without destabilizing the structure. Such processes permitted in monatomic structures turn out to be fatal. It is well known on the other hand that stacking faults exist in Laves crystals. Since our models are stable in a large range of interaction strengths, it would be interesting to repeat the simulations with a parameter set where the repulsion is reduced.
We have tried to find crystal and quasicrystal structures which are as close as possible. The best model would be monatomic, but no uniform simple monatomic quasicrystals exist. There are still differences in the average binding energies, the composition and the local atomic environments in our models. Therefore we cannot rule out that some of the effects observed (for example the different slopes in the Hugoniot plot) are due to the structural differences.
